Hox genes are known to determine vertebral identity along with being required for normal limb patterning. A new study now finds that differential expression timing of Hox genes in the lateral plate mesoderm determines limb placement as well.
Ever since the Devonian, when the first vertebrates wriggled out of the water and onto the land, evolution has acted to shape the appendages that allow for terrestrial movement [1, 2] . These pioneering animals gave rise to the fourlegged tetrapods, which in time evolved to inhabit nearly every habitat on the planet (even returning to the ocean in the case of mesozoic aquatic reptiles, cetaceans, pinnipeds, and sea turtles). The diversity of tetrapod body plans and their accompanying appendages reflect the diversity of their habitats and lifestyles. There is, however, a conserved pattern of limb placement: the forelimb is positioned at the level where the cervical vertebrae transition to thoracic vertebrae, and the hind limb where the lumbar vertebrae transition to the sacral vertebrae [3, 4] . As taxa can differ in their vertebral formulae (for example, in their number of cervical vertebrae), the absolute number of vertebrae anterior to the cervicalthoracic transition is highly variable. Thus, in mammals the forelimbs usually form next to the eighth vertebrae, while in frogs the forelimbs form at the second vertebrae, and in swans at the 25 th . This diversity in limb placement along the anterior-posterior axis raises the question of what determines limb placement in tetrapod embryos. Moreau et al. [5] address this problem in a recent study published in Current Biology. By modulating Hoxb gene expression, and taking advantage of multiple avian models, the authors show that the location where limbs develop in the embryo is established by a spatiotemporal pattern of Hox gene expression during gastrulation [5] .
Hox genes were first identified in Drosophila, where their role in specifying body region identity in the adult fly was inferred from the so-called homeotic phenotypes of mutants deficient in Hox activity [6] . In these mutants, anatomical structures develop in locations that normally form a different, albeit developmentally related, body part (for example, a second set of wings where the haltere flight organs belong, or legs where antennae should develop). This role in specifying regions of the body made Hox genes a focal point in the search for regulators that could have been modulated during the evolution of insects. However, the Hox genes were soon found to play a far more general role, and to be much more pervasive in their phylogenetic distribution. Indeed, homologs of these genes were found throughout the animal lineage [7] . Importantly, the Hox genes of nearly all animals are found in a genomic cluster, in which the individual genes are arranged in a collinear fashion that correlates with both their temporal and spatial expression [8] ( Figure 1 ). For example, Hox genes at the 3' end of the cluster are expressed the earliest in animal embryos and tend to be expressed anteriorly, whereas genes at the 5' end of the cluster are expressed last and the most posteriorly.
Tetrapods are no exception in this regard; however, they possess four clusters of Hox genes (a-d), each numbered 1-13 and with the same collinear organization that is reflected in their expression pattern in the embryo [7] . Similar to observations in the fly, alterations in Hox gene expression can result in homeotic transformations. For example, knockout of Hoxa2 -normally expressed in the second pharyngeal arch of developing mice -results in duplication of the inner ear bones, which are derived from the first pharyngeal arch [9] . Similar results are seen following manipulation of more posterior Hox genes, which results in transformations of vertebral identity [10] . These observations did not escape the eye of the evolutionary biologists looking for molecular mechanisms that underlie the diversity of animals observed in nature. Accordingly, comparative studies revealed a match between the expression domains of Hox genes and the regional identity of vertebrae along the anterior-posterior axis [11] . In fact, shifts in the boundaries of Hox gene expression correlate with the greater number of cervical vertebrae observed in chicks when compared with mammals. Presumably, similar shifts are responsible for the varying neck lengths seen between different bird species. These findings, taken together with the observation that the forelimb develops at the transition between cervical and thoracic vertebrae, heavily implicate a role for Hox genes in determining limb position in tetrapods. However, although long thought to be important for limb positioning, direct evidence for Hox control over limb position has been lacking.
Different embryonic tissues generate the vertebrae and limbs: vertebrae develop from the somitic mesoderm, and the limbs from the somatopleure of the lateral plate mesoderm. Genetic manipulations of the Hox genes specifically in the lateral plate derivatives resulted in major patterning defects of the limb but did not appear to change the relative position of the limb [12] [13] [14] . Nonetheless, experimental evidence has shown that Hox genes do indeed regulate the earliest steps of limb formation because the Hox proteins directly bind to and regulate the expression of Tbx5, a master regulator of forelimb development [15] .
A major challenge in addressing the question of whether or not Hox genes determine limb positioning in tetrapods is that few studies have been able to accurately trace the earliest specification and embryonic origin of the forelimbforming cells. The interpretations of prior studies were clouded by the possibility that the manipulations of Hox gene activity took effect after the initial limb position pattern was specified in the lateral plate mesoderm. Previous work investigating early limb initiation had traced it back to shortly after gastrulation [16] , but it remained possible that limb position was specified even earlier. Thus, as a first step towards determining whether Hox gene expression indeed regulates limb position in the lateral plate mesoderm, Moreau et al. [5] wanted to establish when the forelimb is first specified in the embryo. Through a series of lineage tracing and embryological transplant experiments in the chick, the authors were able to determine that the lateral plate mesoderm is induced in the avian epiblast prior to gastrulation, and the forelimb position is specified by Hamburger Hamilton stage 11, just as the somatopleure is forming. With this information, they could explore Hox gene expression during these critical stages of lateral plate mesoderm formation. They found that the anterior Hox gene Hoxb4 is first expressed during the time when the presumptive forelimb region is ingressing through the primitive streak, and this is followed by the more posterior Hoxb7 and Hoxb9, which are expressed in the interlimb region of the embryo. But does this correlation Yet, as mentioned above, there is a great range of limb positions within the avian lineage. The results described above would suggest that birds with differing numbers of cervical vertebrae must also therefore have different temporal and spatial expression of Hox genes in their developing lateral plate mesoderm. Moreau et al. [5] confirmed this prediction by comparing zebrafinch, chick, and ostrich embryos, which develop forelimbs at the 13 th , 15 th , and 18 th vertebrae level, respectively. The zebrafinch expresses Hoxb4 for a shorter time and in a smaller relative domain than the chick, while the ostrich expresses Hoxb4 for a much longer relative time (Figure 1) . The expression differences observed between the three species are in accordance with the positioning of the forelimb in each of them. These comparisons provide strong evidence that, as with the patterning of vertebrae, differences in Hox gene expression have driven the diversity of limb position among tetrapods (Figure 1) .
Finally, now that we know the pivotal role of Hox genes in determining limb placement, the next logical question is what is controlling the spatiotemporal pattern of those Hox genes? The answer is likely to reside in a separate signaling mechanism controlled by retinoic acid, a common morphogen involved in the patterning of multiple embryonic tissues and known to have a role in regulating limbpatterning genes [17] [18] [19] . Therefore, Moreau et al. [5] investigated early markers of retinoic acid signaling and found that the expression of cyp26A -a retinoic acid target and catabolizing enzyme -is premature in finches and delayed in ostriches when compared with its expression in chicks, suggesting a regulatory role for retinoic acid in Hox-induced limb placement.
While this work gives a definitive role for Hox genes in determining where tetrapod limbs develop, there remain some open questions. As mentioned above, the vertebrae and limbs have different embryonic origins. How are these two tissues coordinated in the gastrulating embryo such that the forelimb always forms at vertebral transitions? Additionally, evolutionary biologists will be very interested in the processes that underlie the differences in Hox and retinoic acid expression between zebrafinches, chicks, and ostriches. However, despite these questions, we can now confidently say that when the early tetrapod was crawling onto the Devonian mud, its Hox genes were already determining where its appendages developed.
